Sec61p is a core component common to both translocation pathways, in which it is coupled with accessory Department of Molecular and Cell Biology factors that provide specificity and directionality to the Howard Hughes Medical Institute translocation process. In the case of cotranslational University of California translocation, the combined action of SRP and SR guarBerkeley, California 94720 antees specificity of polypeptide targeting, whereas the directionality of transport may be derived from the translational "pushing" of the ribosome as it feeds the naSummary scent polypeptide into the pore (see Wickner, 1994 for review). In recent years, the elements that comprise the The translocation of a secretory precursor protein machinery for posttranslational translocation have also across the ER membrane comprises three phases: been identified. Deshaies et al. (1991) used chemical docking of the precursor at the membrane, insertion cross-linking to show that Sec61p exists in a multi-subinto the translocation pore, and exit from the pore into unit complex containing Sec62p, Sec63p, Sec71p, and the ER lumen. We demonstrate that Sec62p, Sec71p
reported that the translocation process prepro-␣ factor) with the ER translocation machinery (collectively known as the "translocon"). We found that can be divided on the basis of energy requirement into two steps: an ATP-independent step of precursor bindSec62p, Sec71p, and Sec72p comprise a translocon subcomplex that engages secretory precursors. In the ing to the membrane, followed by ATP-dependent movement across the membrane. What factors are inabsence of ATP, a precursor protein stably bound to this complex but was released in the presence of ATP. volved in this initial ATP-independent binding step? Although a posttranslational signal sequence-receptor
In this cross-linking assay, neither Sec63p nor Sec61p bound precursor appreciably in the absence or prescomplex has not yet been identified, experimental evidence points to some likely suspects. Sec62p, an inteence of ATP (data not shown).
To demonstrate that the targeting of a precursor to gral membrane protein (Deshaies and Schekman, 1990) , appears to be involved early in translocation, as the the subcomplex was signal sequence-specific, we used a pp␣F molecule containing an ala→glu mutation in its sec62-1 mutation impairs the ability of a precursor protein to interact with the pore , and signal sequence (M3 mutant, Allison and Young, 1988) . This mutation substantially decreases the secretion of a ribosome-tethered precursor molecule can cross-link to Sec62p in the absence of ATP (Mü sch et al.,1992) . pp␣F in vivo (Allison and Young, 1989) and routinely reduced in vitro translocation activity to 20-30% of the Two other candidates are Sec71p and Sec72p, integral and peripheral components (respectively) of the translotranslocation of wild-type pp␣F (data not shown). Figure  1A shows that efficient binding of pp␣F to the subcomcon whose deletion or mutation results in the cytosolic accumulation of a subset of secretory precursors (Feld- plex depended on the presence of a wild-type signal sequence, as the signal sequence mutation decreased heim et Fang and Green, 1994; Feldheim and Schekman, 1994) . By using binding to ‫%52-02ف‬ that of wild-type pp␣F. For both wild-type and mutant pp␣F, the absolute levels of bindchimeric proteins to shuffle signal sequence regions of precursor proteins, Feldheim and Schekman (1994) ing varied somewhat from prep to prep. The data presented in Figure 1 and throughout this report represent demonstrated that the translocation defect of the ⌬sec72 strain was associated with the signal sequence the average of at least three independent determinations. Trends from assay to assay were very reproducportion, rather than with the mature portion, of a secretory precursor. This observation, in conjunction with the ible. The pp␣F signal sequence mutation consistently decreased the amount of subcomplex-bound precursor fact that ⌬sec71 and ⌬sec72 strains show translocation defects for a similar subset of precursor proteins (Feldto 20-30% that of wild-type pp␣F, and wild-type pp␣F consistently showed differential binding to Sec62p, heim et al., 1993; Fang and Green, 1994; Feldheim and Schekman, 1994) , suggests Sec71p, and Sec72p in roughly the same ratios. Sec62p, Sec71p, and Sec72p appear to function prithat Sec71p and Sec72p may be involved in some facet of signal sequence recognition. marily in posttranslational translocation (see Lyman and Schekman, in press, for review), suggesting that the job We now show that Sec62p, Sec71p, and Sec72p contribute to the function of a signal sequence-receptor of the subcomplex is to engage precursor proteins that cross the ER membrane after their synthesis has been complex for posttranslational translocation into the ER. Targeting of a secretory precursor to this complex is completed, rather than those that translocate cotranslationally. If the specificity of the binding reaction is truly dependent on the presence of an intact signal sequence and requires the function of all three of the receptor mediated at the level of the signal sequence, then one prediction is that replacing the "post" signal sequence proteins. Binding to the complex is regulated by ATP. The precursor stably associates with Sec62p, Sec71p, of pp␣F with a "co" signal sequence would switch the specificity of translocation from a reaction requiring and Sec72p in the absence of ATP, but is released from the complex in the presence of ATP. We demonstrate Sec62p, Sec71p, and Sec72p to one in which they are dispensable. To address this point, we used a chimeric that BiP mediates the ATP-dependent release of the precursor protein from the receptor complex in a reacconstruct in which the signal sequence of DPAPB (dipeptidyl aminopeptidase B), a precursor that translotion that is both specific and physiological.
cates cotranslationally, replaced the signal sequence of pp␣F (Ng et al., 1996) . We found that the resultant fusion Results (DN-␣F) was not able to translocate posttranslationally in vitro, nor did it bind to Sec62p, Sec71p, or Sec72p Secretory Precursor Binding and Release either in the absence or presence of ATP (data not from a Putative Receptor Complex shown). In addition, the cotranslational translocation of The factor(s) comprising a signal sequence receptor DN-␣F in vitro was only marginally affected by mutations complex for posttranslational translocation into the ER in sec62, sec71, or sec72 (81%, 80%, and 87% of wildhave not been definitively identified. However, previous type activity, respectively), indicating that their function evidence (Mü sch et al., 1992; Feld- is dispensable for DN-␣F translocation. These results heim et Feldheim and Schekman, 1994) sugsupport a role for the Sec62p·Sec71p·Sec72p complex gested that Sec62p, Sec71p, and Sec72p might have a as a signal sequence receptor for posttranslational role in an early phase of the translocation process. To translocation substrates. investigate this possibility, we used chemical cross-linkTo determine if precursors bound to this subcomplex ing, in conjunction with immunoprecipitation, to examin the absence of ATP represented physiological interine the dynamics of interaction of a model secretory mediates in the translocation reaction, we performed an "ATP chase" experiment ( Figure 1B) . pp␣F was allowed precursor protein (pp␣F, the yeast mating pheromone reactions was then compared to a control reaction in which ATP was present from the outset (ϩATP). Figure  1B shows that chasing the bound precursor with ATP resulted in nearly the same extent of release as when ATP was present throughout the reaction. Since translocation in vitro similarly proceeds only upon addition of ATP (Waters and Blobel, 1986b) , this suggests that the bound precursor represents a genuine translocation intermediate.
The ATP-dependence of precursor release from the Sec62p·Sec71p·Sec72p complex suggests that the energy of ATP hydrolysis might simultaneously free the bound precursor and drive its insertion into the pore (Sec61p). To examine the question of whether ATP promotes this transition, we used two means of creating a physical block to pore traversal. The first method (Krieg et al., 1989; Wiedmann et al., 1989) creates a ribosometethered precursor molecule by truncating the pp␣F coding sequence to remove the stop codon, thus leaving the nascent pp␣F chain linked to the ribosome. used an alternate means of creating a block by conjugating the large globular protein avidin to a unique C-terminal cysteine engineered into the pp␣F coding sequence. We addressed the question of sequential binding/pore insertion by performing an ATP chase experiment similar to that in Figure 1B . Either ribosome-tethered pp␣F or the pp␣F-avidin conjugate was substituted for "normal" pp␣F and incubated with microsomal membranes, and cross-linking was then used to determine the extent of receptor binding and pore insertion (represented by precursor association with Sec72p and Sec61p, respectively). The results (Figures 2A and 2B) clearly show that upon addition of ATP, the receptor-bound precursor chased into the pore (compare the "ϪATP" half of the chase reaction with the "Ϫ/ϩ ATP" reaction). An ATP chase reaction (as in Figure 1B ) was performed using either ribosome-tethered pp␣F (A) or the pp␣F-avidin conjugate (B). Reactions were cross-linked and immunoprecipitated with anti-Sec72p or anti-Sec61p antibodies as indicated.
must all be present and functional in order to efficiently starting with the peripheral membrane protein Sec72p and proceeding "inward" to the integral membrane probind a precursor protein.
The requirement for all three subunits of the subcomteins Sec71p and Sec62p. Alternatively, it may reflect a need for all three proteins to cooperate in forming a plex may reflect a binding reaction that involves a sequential series of protein-protein handoff reactions, composite binding site for precursor docking. Our data 35 S-labeled microsomes were prepared from wild-type and sec62-1 strains, and 5 OD units of cell equivalents of membranes per reaction were incubated, cross-linked, and immunoprecipitated with 5 g of anti-Sec63p antibody. The final pellets from these reactions were resuspended in Laemmli sample buffer ϩ 5% BME, heated for 15 min at 65ЊC to reverse the DSP cross-link, and resolved on 11% polyacrylamide gels. DSP, dithiobis (succinimidylpropionate).
support the latter. Previous work from our lab Feldheim and Schekman, 1994) demon- to any of the three subcomplex components. This suggests that efficient docking of the precursor requires the simultaneous function of all three proteins. "BiP-less" in the sense that the endogenous BiP is not significantly associated with it.
ATP-Dependent Release of Precursor Does
To assess the putative role of BiP in the ATP-depenNot Occur in a "BiP-less" Translocon dent release of precursor, we assayed pp␣F binding to The ATP-dependence of precursor release from the Secthe BiP-less digitonin-solubilized translocation com62p·Sec71p·Sec72p subcomplex suggested that the replex. Microsomes were solubilized in digitonin, cellular lease might require BiP, a lumenal ATPase biochemically debris was removed by centrifugation, and pp␣F was and genetically implicated in translocation (see Brodsky added to the resulting supernatant. We found that in and Schekman, 1994 for review). To address this possithe digitonin-solubilized extract, pp␣F bound to the subbility, we took advantage of the observation that solubilicomplex both in the absence of ATP and in its presence zation of microsomal membranes with the detergent ( Figure 6A ). This suggested that removing BiP from its digitonin maintains the integrity of the translocation stable association with the translocation complex also complex (Panzner et al., 1995) except that BiP is no removed the impetus behind the ATP-dependent relonger stably associated with the translocon (M. Pilon lease of a precursor protein from the receptor complex. and R. Schekman, unpublished data). In Figure 5 , microThus, in the BiP-less translocon, the presence of ATP somes derived from a strain containing 6 ϫ His-tagged was ineffective in promoting precursor release. The versions of Sec61p and Sec63p were solubilized with binding of pp␣F to the digitonin-solubilized translocon digitonin and incubated with the affinity resin Ni-NTA.
in both the presence and absence of ATP was specific, While substantial amounts of Sec61p, Sec62p, Sec63p, as complex formation required a wild-type signal seSec71p, and Sec72p were retained on the Ni-NTA resin quence ( Figure 6A ) and was impaired by mutations in and could be specifically eluted, essentially all of the sec62, sec71, and sec72 (see Figure 6B for ϩATP reacBiP was lost in the flowthrough and the first wash. The digitonin-solubilized translocation complex is therefore tions; ϪATP yielded similar results [data not shown]). 
BiP Specifically Mediates Precursor Release from
address the question of whether hydrolysis is required for precursor release, because interaction between BiP the Sec62p·Sec71p·Sec72p Subcomplex If the inability of pp␣F to undergo ATP-dependent reand Sec63p is uncoupled by nonhydrolyzable analogs of ATP . lease from the subcomplex in digitonin-solubilized membranes was due to the absence of stable BiP asso-
The ATP-dependent release of precursor required interaction between BiP and the DnaJ homolog Sec63p. ciation with the translocon, we reasoned that it might be possible to drive precursor release by supplying ex-
The sec63-1 allele bears a mutation in the conserved DnaJ box of Sec63p (Sadler et al., 1989) and results in a ogenous BiP. To test this idea, pp␣F was allowed to bind (in the presence of ATP) to the subcomplex in the protein that is unable to interact stably with BiP . Addition of BiP to the subcomdigitonin-solubilized extract as before, and reactions then received either 15 g of BiP ( Figure 7A, [ϩBiP] ) or plex-bound precursor in a digitonin-solubilized extract from sec63-1 membranes resulted in the release of only an equal volume of buffer ( Figure 7A, [ϪBiP] ). We found that exogenous BiP effected the release of a substantial a small amount of pp␣F ( Figure 7B ) in a reaction that was also dose-dependent, with the dose-response amount of the bound precursor: pp␣F binding to Sec62p and Sec72p was decreased by 55-60%; to Sec71p, by curve shifted to substantially higher BiP concentrations than for wild-type membranes ( Figure 7C ). Figure 7B 40-45% ( Figure 7A ). The BiP-mediated precursor release was both dose-dependent and saturable (Figure shows data only for the release of pp␣F from Sec72p; however, Ssa1p, DnaK, and the sec63-1 mutation dem-7C) and was specific to the hsp70 BiP ( Figure 7B ). Neither Ssa1p, a cytosolic hsp70 in S. cerevisiae, nor DnaK, onstrated a similar inability to release pp␣F from Sec62p and Sec71p (data not shown), confirming that the specithe E. coli hsp70, supported release of pp␣F. Release of pp␣F did not proceed either in the absence of ATP ficity of the BiP-mediated reaction holds true for the release of precursor from all three components of the or in the presence of nonhydrolyzable ATP analogs (data not shown). However, we were not able to definitively subcomplex.
Discussion
The first step in the translocation of a protein across the ER membrane is its specific targeting to the site of the translocation apparatus in the membrane. We have identified a complex whose subunits contribute to this essential function for posttranslational translocation into the ER of S. cerevisiae. Sec62p, Sec71p, and Sec72p comprise a subcomplex that targets precursors to the ER translocon via a signal sequence-dependent binding reaction that occurs only in the absence of ATP.
In the presence of ATP, the precursor is efficiently released from the subcomplex in a reaction that is specifically mediated by the lumenal hsp70 BiP. In a BiP-less translocon derived from digitonin-solubilization of ER microsomal membranes, the addition of ATP alone does not liberate the subcomplex-bound precursor, but addition of exogenous BiP restores ATP-dependent release, suggesting that BiP provides the impetus that discharges the docked precursor from the subcomplex. Neither of two other hsp70 homologs substitutes for BiP function, and release requires interaction between BiP and Sec63p. BiP appears to bridge two distinct steps in translocation: in effecting release of the subcomplexbound precursor, BiP may promote a transition from receptor docking to pore insertion. The ATP-independent docking of precursor to the Sec62p·Sec71p·Sec72p subcomplex and the energydependent release reaction that BiP mediates provide a molecular basis for the early observation (Sanz and Meyer, 1989 ) that a precursor protein could bind to ER microsomal membranes in the absence of ATP, but its subsequent translocation across the membrane required ATP. Mü sch et al. (1992) also noted distinct phases of translocation by using a ribosome-tethered precursor molecule, in conjunction with photo-crosslinking, to show ATP-independent binding of the precursor to Sec62p-an interaction that was dissolved in the presence of ATP.
In this report, we used chemical cross-linking to examine the targeting of a precursor (pp␣F) to the ER translocon. Our data confirms the ATP-independent formation of a Sec62p·precursor complex and shows that the precursor need not be tethered to a ribosome for this interaction to occur. We demonstrate here that Sec71p and Sec72p parallel Sec62p in their ATP-independent binding of precursor, that this binding requires an intact (Deshaies and Schekman, 1990;  were carried out as in (A), except that the amount of BiP added varied Feldheim et al., 1993) . from 7.5 g to 60 g. The volume of addition was kept constant.
Efficient binding of a precursor to the subcomplex requires the function of all three receptor subunits. Our (Hansen et al., 1986; Waters and Blobel, 1986a; Ogg et al., 1992) . These observations may address the puzzle data support a model in which Sec62p, Sec71p, and Sec72p form a composite binding site, such that all of why SEC71 and SEC72 are not essential at normal growth temperatures: in vivo, cytosolic and membrane three of the proteins must simultaneously contribute to a single binding event. However, not all of the components components of the cotranslational pathway may mitigate the translocation defect that presumably arises are required for normal growth. Neither ⌬sec71 nor ⌬sec72 strains contain Sec72p, and a translocation when Sec71p or Sec72p function is impaired. Interestingly, at 30ЊC, ⌬sec71 is synthetically lethal with sec65-1, complex isolated from these strains contains neither Sec71p nor Sec72p, yet strains survive at 25ЊC without which encodes a subunit of SRP . What, then, is occurring in vitro, when translocaeither protein Feldheim and Schekman, 1994) . Accordingly, only Sec62p may be abtion of pp␣F into microsomes derived from ⌬sec71 and ⌬sec72 strains ; see also solutely required for translocation-a notion that is supported by the observation that SEC62 is essential for Results) still proceeds fairly respectably? Perhaps precursor recognition may simply not be the primary rateviability at all temperatures (Deshaies and Schekman, 1989) , whereas SEC71 is essential only at elevated temlimiting step for translocation into the ER. The targeting reaction that Sec62p, Sec71p, and peratures and SEC72 is not essential . Thus, Sec62p may Sec72p support occurs in the absence of ATP, whereas the addition of ATP induces the release of the subcomconstitute a "core" component of the the subcomplex, while Sec71p and Sec72p have ancillary roles.
plex-bound precursor. We demonstrated that this release reaction required interaction between the hsp70 Although Sec62p appears to be indispensable, Sec71p and Sec72p may simply enhance the rate of homolog BiP and its DnaJ partner, Sec63p. The sec63-1 allele, which maps to the DnaJ box of Sec63p (Sadler translocation or expand the range of substrates able to gain access to the translocon. Feldheim and Schekman et al., 1989; Nelson et al., 1993) and does not allow stable interaction between BiP and Sec63p (Brodsky (1994) have suggested that Sec72p might be necessary for the targeting of only a defined subset of precursors, and Schekman, 1993), supported only a limited extent of BiP-mediated precursor release. Experimental evidence or that Sec72p facilitates the targeting of "hard to handle" signal sequences (Bird et al., 1987) . By extension, Lyman and Schekman, 1995) suggests that sec63-1 is partially restrictive for an early step Sec71p may have a similar role. In support of this, Ng et al. (1996) have demonstrated that signal sequence in translocation, as well as partially or wholly restrictive for a later step, the cooperation of Sec63p with BiP in hydrophobicity dictates the choice of a posttranslational versus cotranslational translocation path. Thus, precurreeling the precursor out of the pore. The nature of the early function is not known, but our data do not support sors bearing an "intractable" signal sequence may be translocated efficiently only in the presence of Sec71p a role for Sec63p in precursor binding, so it is likely to involve the process of precursor release and subseand Sec72p. Sec71p and Sec72p would then be expected to be absolutely required for the posttranslaquent pore insertion. Consistent with this notion is our observation that when exogenous BiP was added to a tional translocation of only some precursors.
The primary function of the subcomplex seems to be digitonin-solubilized Bip-less translocon derived from sec63-1 membranes, it effected the release of ‫%21ف‬ of to engage translocation substrates posttranslationally rather than cotranslationally. Mutation or deletion of the receptor-bound precursor. In contrast, the level of BiP-mediated release in wild-type digitonin-solubilized sec62, sec71, or sec72 (Deshaies and Schekman, 1989; Rothblatt et al., 1989; Feldheim et al., 1993; Fang and membranes was ‫.%06-05ف‬ Adding increasing amounts of BiP to sec63-1 membranes increased the extent of Green, 1994; Feldheim and Schekman, 1994 ) has a much more significant effect on the maturation of pp␣F and precursor release, but the dose-response curve was shifted to significantly higher BiP concentrations than preprocarboxypeptidase Y, which are able to translocate posttranslationally (Waters and Blobel, 1986a; Han- for wild-type membranes. The ability of BiP to mediate limited precursor release from the sec63-1 translocon sen and Walter, 1988), than on that of invertase, which translocates chiefly cotranslationally (Hansen and Wal- complex is in accord with the predicted defects of the sec63-1 allele. sec63-1 appears to be only partially reter, 1988; Brodsky et al., 1995) . In addition, Ng et al. (1996) recently isolated a mutant allele of sec62 that is strictive for an early step in translocation, and accordingly, the allele is only partially restrictive for this early defective for the translocation of SRP-independent (i.e., posttranslational) substrates yet does not affect the role of BiP. This provides strong correlative evidence that BiP functions with Sec63p in this early step as well translocation of SRP-dependent (i.e., cotranslational) substrates.
as later in translocation.
The fact that release of the precursor from the signal Even so, it seems that the co-and post-translational translocation paths are not wholly segregated. Precursequence receptor complex is energy-dependent suggests that the release reaction may be triggered by a sors that contain signal sequences suboptimal for efficient SRP binding apparently partition between the two conformational change in one or more of the components of the translocon. Since BiP undergoes a conforpathways. Some of the precursor molecules are able to engage SRP, and the remainder enter the ER via the mational change upon binding ATP (Wei et al., 1995) , it is a likely candidate, but this raises a provoking question: posttranslational route (Ng et al., 1996) . Previous data also support functional overlap between the two pathHow does BiP, a lumenal protein, affect a binding event that occurs on the cytosolic side of the ER membrane? ways, as both pp␣F and a fragment of invertase are able to be translocated both co-and post-translationally
The answer almost certainly lies in BiP's association with Sec63p. The topology of Sec63p allows it to monitor the subcomplex and inserts into the translocation pore. events on both sides of the ER membrane, since it con-
The gating of the pore (Crowley et al., 1994 ) is likely to tains three transmembrane segments and a large cytobe dependent on the signal sequence (Jungnickel and solic domain as well as a lumenal domain that contains and/or on BiP. Third, in a second ATPthe DnaJ box (Feldheim et al., 1992) . This topology sugdependent reaction, BiP and Sec63p function as a mogests that Sec63p could transduce signals from the lecular motor (see Glick, 1995; Brodsky, 1996) to reel other components of the translocon to BiP, and vice the precursor out of the pore and into the ER lumen. versa-a scenario that is especially attractive since Our data point to BiP as the fulcrum of the translocaSec63p exists in a complex with Sec61p, Sec62p, tion process in providing vectorial transport of the preSec71p, and Sec72p (Deshaies et al., 1991) and also cursor through the pore (Sanders et al., 1992; Lyman contacts BiP through its lumenal DnaJ box (Brodsky and Schekman, 1995) and in effecting the transition from and Schekman, 1993). This arrangement could allow precursor docking to pore insertion. It seems likely that Sec63p to regulate the dynamics of the translocon comBiP interacts directly with the lumenal face of the Sec61p plex by transmitting a conformational change originating channel. The nature of this interaction may be probed from BiP in the ER lumen to the other members of the once it becomes possible to detect the BiP-dependent translocon.
completion of the translocation of a Sec61p-bound seBiP seems to provide the coordination necessary to cretory precursor. forge the phases of precursor docking, pore insertion, and lumenal release into an integrated whole. Previous work from our lab has shown that BiP and Sec63p funcExperimental Procedures tion in the final phase of precursor movement through the pore ; Lyman and Schekman, BiP was purified from yeast by a modification of the protocol depp␣F-Avidin Conjugation Avidin (Pierce, immunopure grade) was activated with the heterobiscribed by that resulted in a substantial increase in yield (see Lyman, 1996 for details). Purified BiP was asfunctional cross-linker SMPB (Pierce) essentially as in . 20 mg of avidin was dissolved in B88 (20 mM Hepes sayed for translocation activity as in and for ATPase activity as in Brodsky et al. (1995) . Digitonin (Sigma), purified [pH 6.8], 150 mM KOAc, 250 mM sorbitol, and 5 mM MgOAc) and incubated with 1 mg of SMPB (a 10-fold molar excess over the as in Gö rlich and Rapoport (1993), was kindly provided by M. Pilon (Schekman lab). Yeast microsomes were prepared as in Lyman and avidin tetramer) for 30 min at 20ЊC. The avidin was then chromatographed over an Econo-Pac 10DG column (BioRad) as per the inSchekman (1995) .
structions of the manufacturer to remove unreacted SMPB. Eluate from the 10DG column was then concentrated to 50 mg/ml protein Transcription and Translation using a Centriprep-10 concentrator (Amicon), and its exact concenmRNA encoding wild-type pp␣F, signal sequence mutant pp␣F, or tration was measured by Lowry assay.
35
S-pp␣F-cys was conjupp␣F-cys was transcribed (Rothblatt and Meyer, 1986 ) from pDJ100 gated to avidin by incubating 300,000 cpm of pp␣F-cys with 50 g (RSB144), pSP65-␣FM3 (RSB472), pSP6␣Fcys (RSB1202), or from of avidin-SMPB (per each 150 g of microsomes to be used in the the construct used for pp␣F truncations, pSP65pp␣Fwt (which was binding reaction) for 30 min at 20ЊC, followed by quenching of the kindly provided by the T. Rapoport lab). DNA was prepared for unreacted avidin-SMPB with cysteine at a final concentration of 10 transcription by linearization with XbaI (pDJ100, pSP6␣Fcys), PvuII mM for 15 min at 20ЊC. This conjugate was then diluted 1:10 into a (pSP65-␣FM3), or NciI (pSP65pp␣Fwt). mRNA was translated as in cross-linking reaction containing 150 g of microsomes in 150 l Rothblatt and Meyer (1986) . Translation products were purified as total volume (as described above) for a final cysteine concentration in Lyman and Schekman (1995) .
of 1 mM and a final urea concentration of 0.8 M. Conjugate was prepared immediately prior to use, and conjugation efficiency was typically 50-75% as determined by gel analysis. Translocation Translocation reactions were carried out as in Lyman and Schekman
Isolation of a Digitonin-Solubilized Translocation Complex (1995) , except that the final concentration of urea was 0.4 M. TransloMicrosomes were derived from RSY 1255, which contains 6 ϫ Hiscation efficiency as determined by the production of protease-protagged versions of Sec61p and Sec63p. Membranes (250 g in tected, glycosylated p␣F was assessed by precipitation with conca-B88 containing 0.4 M urea and an ATP regenerating system) were navalin A-Sepharose (Pharmacia). Percent translocation was solubilized in 0.5% digitonin and cleared with a 100,000 ϫ g spin defined as the ratio of concanavalin A-precipitated cpm (3gp␣F) to as described above. The cleared supernatant was incubated in total pp␣F cpm input into the reaction. Cotranslational translocation batch with 70 l of a 50% suspension of Ni-NTA beads (Qiagen) reactions were carried out and analyzed as in Ng et al. (1996) .
for 1 hr at 4ЊC. The beads were subsequently washed 4 times with 500 l of B88/0.4 M urea/0.5% digitonin/15 mM imidazole (pH 7.0) Cross-Linking and Immunoprecipitation for 15 min at 4ЊC, and then eluted with the same buffer containing Cross-linking was carried out as in Lyman and Schekman (1995) , 100 mM imidazole (pH 7.0) Flowthrough, wash, and eluate fractions except that reactions contained 250,000 cpm of 35 S-pp␣F and 150
were resolved on a 12.5% polyacrylamide gel and visualized by g of microsomes, and the final urea concentration was 0.4 M. As immunoblotting. indicated, an ATP-regenerating system (1 mM ATP, 50 M GDPmannose, 40 mM creatine phosphate, and 0.2 mg/ml creatine phos
